Background Lumbar total disc replacement (L-TDR) is a procedure used to relieve back pain and maintain mobility. Contemporary metal-on-polyethylene (MoP) L-TDRs were developed to address wear performance concerns about historical designs, but wear debris generation and periprosthetic tissue reactions for these newer implants have not been determined. Questions/purposes The purpose of this study was to determine (1) whether periprosthetic ultrahigh-molecularweight polyethylene (UHMWPE) wear debris and biological responses were present in tissues from revised contemporary MoP L-TDRs that contain conventional cores fabricated from c-inert-sterilized UHMWPE; (2) how fixed-versus mobile-bearing design affected UHMWPE wear particle number, shape, and size; and (3) how these wear particle characteristics compare with historical MoP L-TDRs that contain cores fabricated from c-air-sterilized UHMWPE. Methods We evaluated periprosthetic tissues from 11 patients who received eight fixed-bearing ProDisc-L and four mobile-bearing CHARITÉ contemporary L-TDRs with a mean implantation time of 4.1 and 2.7 years, respectively.
Introduction
Lumbar total disc replacement (L-TDR) is an established alternative to spinal fusion for degenerative disc disease and its associated back and leg pain. With the goal to preserve natural segmental motion in the spine, commonly used implant designs incorporate cobalt-chromium (CoCr) metallic endplates, which are fixed to the adjacent vertebral bodies, articulating against a polymer core made of ultrahigh-molecular-weight polyethylene (UHMWPE). As a result of the decreased sliding distance in metal-on-polyethylene (MoP) L-TDRs compared with THA and TKA, wear and osteolysis of L-TDRs were originally thought to be negligible in the anterior column of the lumbar spine [21, 22] . However, studies of historical L-TDRs with c-air-sterilized UHMWPE cores have demonstrated wear of the UHMWPE core along with several cases of osteolysis in the lumbar spine [18, 35] . Additionally, both submicron (0.05-2 lm) and large UHMWPE wear particles (C 2 lm) were present in periprosthetic tissues from historical TDRs [29, 30] . The presence of wear debris was associated with an innate inflammatory response and in one case contributed to osteolysis. The particle shapes were similar to those observed in revision tissues from THA and were generally round to oval in morphology, whereas the TKA particles were more needle-shaped [29] . The mean particle numbers were similar and ranged from 0 to 1002 particles/mm 2 [29] . Additionally, the extent of impingement of the implant positively correlated with increased submicron wear debris and biological activity [4] . Collectively, these studies and others have established the clinically relevant complication of UHMWPE core wear for historical L-TDRs [17, 19, 28, 33, 34] and served as an impetus for improving bearing surface materials and designs.
Contemporary L-TDR designs incorporate c-inert-sterilized UHMWPE cores and air-impermeable packaging to improve oxidation resistance and thus enhance the wear performance of the cores [16, 36] . The ProDisc-L (DePuy Synthes Spine, West Chester, PA, USA) and CHARITÉ (originally Waldemar Link, Hamburg, Germany, later fabricated by DePuy Spine, Raynham, MA, USA, and currently discontinued) are two established contemporary designs. The biomaterials used in the fabrication of the ProDisc-L prosthesis are quite similar to the mobile-bearing CHARITÉ in that they consist of two CoCr alloy endplates articulating against a conventional UHMWPE core component. Although the materials used in these L-TDRs are similar, there are differences in the designs of these implants. Unlike the mobile-bearing design of the CHARITÉ , the core of ProDisc-L is fixed through a locking mechanism into the inferior endplate, thus allowing relative motion only between the core and the superior endplate [15] . Other contemporary L-TDRs designs currently in clinical use are the Mobidisc (LDR Spine, Troyes, France) and Activ-L (Aesculap AG, Tuttlingen, Germany), which also use similar biomaterials in fabrication but differ particularly from the CHARITÉ in the amount of constraint presented by the bearing. To our knowledge, only one case report has evaluated retrievals of Mobidisc and Activ-L from two patients [1] , and there is still limited understanding of implant wear or periprosthetic tissue reactions for contemporary MoP L-TDRs. Additionally, it remains unclear whether the bearing design of L-TDRs will influence the generation of UHMWPE particles and their associated biologic response.
In this study, we analyzed retrievals of two contemporary designs of fixed-bearing and mobile-bearing L-TDRs to evaluate c-inert-sterilized UHMWPE performance in vivo and to compare design differences. We asked: (1) are periprosthetic UHMWPE wear debris and associated biological responses present in tissues from revised contemporary MoP L-TDRs that contain cores fabricated from c-inert sterilized UHMWPE; (2) what is the influence of bearing design (ie, fully mobile versus fixed designs) on wear particle number, size, and shape; and (3) how do the wear UHMWPE particles from contemporary MoP L-TDRs compare with historical MoP L-TDRs that contain cores fabricated from c-air-sterilized UHMWPE?
Materials and Methods
Spine tissues from regions adjacent to the implanted device were obtained at the time of revision surgery. Tissues, along with their respective devices, were collected as part of a public, multicenter retrieval research program initiated in 2004 [14, 19] . Contemporary TDRs were classified as modern device designs incorporating components made of c-inert-sterilized UHMWPE GUR 1020 resin; this study investigated tissue retrievals from around two contemporary lumbar designs: the fixed-bearing ProDisc-L and mobile-bearing CHARITÉ . The fixed-bearing L-TDR cohort included seven patients and eight implants (implantation time, 1-6 years; mean, 4.1 years), whereas the mobile-bearing cohort included four patients and four implants (implantation time, 2-3 years; mean, 2.7 years). All were revised primarily for persistent back and/or leg pain and, for two of the patients, osteolysis was observed ( Table 1 ). The osteolytic conditions were rare occurrences described in a recently published case report [35] . Implant subsidence or migration was a complication noted in three patients with fixed-bearing and one patient with mobilebearing L-TDRs. Primary surgical tissues were obtained from other L-TDR patients and served as controls. We previously reported on 16 patients' periprosthetic tissue responses around revised historical TDRs called SB CHARITÉ III, in which components were made of either c-air-sterilized UHMWPE GUR 412 resin or c-inert-sterilized UHMWPE GUR 1020 resin with polymer barrier packing that allowed exposure to air [28] . Quantitative findings on particle number and shape characteristics from this previous study were quantitatively compared with the current contemporary L-TDRs under investigation in this study.
Retrieval Analyses
All implants were cleaned with 10% bleach and examined under a stereomicroscope equipped with a digital camera (Leica DFC490, Wetzlar, Germany) to assess for surface damage and impingement mechanisms such as plastic deformation, scratching, burnishing, pitting, and embedded debris. Retrieved tissues were fixed in Universal Molecular Fixative (UMFIX; Sakura Finetek USA, Inc, Torrance, CA, USA) and representative regions were selected from each tissue, embedded in paraffin, and 6-lm serial sections were mounted onto Superfrost/Plus (Fischer Scientific Co, Pittsburgh, PA, USA) slides. Slides were dewaxed, rehydrated, and stained with hematoxylin, eosin, and Alcian blue. Subsequently, Wright-Giemsa and Prussian blue stains were used for further in-depth histological evaluation when inflammation was present. Transmitted and polarized light images were captured using an Olympus BX50 microscope (Olympus, Melville, NY, USA) equipped with a stepper motor-controlled stage, an elliptically polarized light imaging system, and a Jenoptik ProgRes Speed XT Core5 camera (Jenoptik, Jena, Germany). A 36-image (9 20 objective) composite, that spanned the entire tissue section, was created for each section under transmitted light to grade tissue reactions by at least two individuals (SYV, MJS) using a scoring system scaled from 0 to 3 ( Table 2 ). The scoring criteria were based on the Oxford method that is presently used for grading total joint arthroplasty tissues for macrophage and lymphocyte inflammation, aseptic lymphocyte-dominated vasculitis associated lesion (ALVAL), and necrosis [7, 27] but modified to exclude ALVAL responses to metal wear debris and include hemosiderin deposition and vascularization, which are more predominant in spine tissue.
Wear Particle Characterization
For UHMWPE particle analysis, a 36-image (9 20 objective) composite was created from each tissue section under polarized light that corresponded to the transmitted light tissue composites. UHMWPE wear particle number, size, and shape were determined by first using a customized image threshold operation programmed in MATLAB 1 (MathWorks Inc, Natick, MA, USA) followed by counting/measuring particles through NIH ImageJ (National Institutes of Health, Bethesda, MD, USA). In brief, polarized light images were split into three eight-bit channels (red, green, and blue). Signal from blue channels were converted into masks based on a threshold value relative to the average signal intensity of each image. All images were visually reviewed to ensure that false-positive signals from birefringent collagen or dust did not contribute to particle counts. The resulting particle number was then converted to number/mm 2 area of tissue using a measured conversion factor of 3.887 lm/pixel. Initial validation of this technique was performed using an environmental scanning electron microscope (ESEM) to study histomorphologic changes and wear debris in periprosthetic tissues of THAs [2] . Particle size and shape were characterized by measuring the equivalent circular diameter (ECD), perimeter-based-circularity, and aspect ratio as described in an earlier study by Baxter et al. [3] .
Statistical Analysis
Descriptive statistics were used for evaluating wear debrisinduced tissue responses, which were semiquantitatively compared based on histology and tissue scores. When quantifying UHMWPE particle numbers, the total number of particles in all tissue sections for each patient was normalized to total tissue sectional area, minimizing the effect of region-specific heterogeneity of particle distribution. Size and shape measurements of particles were averaged for each patient when wear was present. To statistically Table 1 . compare UHMWPE particle number, ECD, perimeter, circularity, and aspect ratio between the two different bearing designs, the Mann-Whitney U test was employed using IBM SPSS Statistics V22 software package (IBM Corporation, Armonk, NY, USA). Significance was based on p \ 0.05. Because we were unable to detect statistical differences in particle measurements between the two bearing designs, fixed-and mobile-bearing patients were combined into a single contemporary L-TDR cohort before comparing it with the historical L-TDR cohort. To compare these two groups, the Mann-Whitney U test was used to test differences in UHMWPE particle number, circularity, and aspect ratio. Particle size measurements of ECD and perimeter were not statistically analyzed because particles larger than 2 lm were not evaluated in the historical L-TDR cohort.
Results

UHMWPE Wear Debris and Biological Tissue Responses
Periprosthetic UHMWPE wear debris with corresponding macrophage infiltration was observed in five of seven patients with a fixed-bearing L-TDR and one of four patients with a mobile-bearing L-TDR. Generally, the wear debris was associated with low to moderate biological tissue responses as compared with tissues (controls) from L-TDR patients undergoing primary surgery ( Fig. 1 ). For the fixed-bearing L-TDR revisions, tissues from three of seven (43%) patients contained at least 15 UHMWPE particles/mm 2 with an associated macrophage infiltration score [ 1.5 (Table 3 ). Tissues from two other patients (29%) contained \ 5 UHMWPE particles/mm 2 and a variable macrophage infiltration (0.5 and 2). Tissues from patients BHSP 023 and BHSP 025, who had their implants revised for malpositioning and device impingement, contained metal wear debris, lymphocytes, plasma cells, and hemosiderin that occupied [ 10% of the total tissue area ( Fig. 2) . Tissue from patient BHSP 0032 also contained metal particles and lymphocytes but no hemosiderin deposits. Patient PDL 004 had one tissue sample with an isolated area containing 21 UHMWPE particles/mm 2 but no detectable inflammation. For the mobile-bearing L-TDR cohort, tissue that contained UHMWPE wear debris was found in only one of four patients. None of the tissues associated with the mobile-bearing devices contained metallic debris, and none of the implants exhibited rim impingement. A tissue sample from patient BRSP 003 contained 107 UHMWPE wear particles/mm 2 and it had a high macrophage infiltration score (3.0). For the fixedbearing cohort, tissues with wear debris were consistently more vascularized with mean scores as high as 3 (range, 0-3), whereas necrotic/acellular regions were scarce (Fig. 3) . In contrast, the majority of tissue samples around these devices that did not contain wear debris had low vascularity and more prominent regions of necrosis (mean necrosis score, 2) ( Table 4 ). Tissues around mobile-bearing devices, with or without wear, were moderately vascularized with isolated necrotic regions.
Wear Particle Number, Size, and Shape for Contemporary Total Disc Replacement Designs
For the mobile-bearing L-TDR patient tissue with UHMWPE wear debris, particle number was observed to be increased by 87% compared with fixed-bearing patient tissues, and the particles were 11% rounder and 11% less elongated (Table 5) , but, with the number of samples available, these differences were not significant. Qualitative observations revealed the area percentage or amount of tissue occupied by particles from the mobile-bearing device appeared more extensive than the particles from fixed-bearing devices with the exception of tissues from patient BHSP 022, which contained large ([ 10 lm) particles (highest ECD and perimeter values). Nonetheless, the overall distribution of particle sizes was similar for both cohorts. The majority of the particles were between 1 and 10 lm (75% and 83% for the fixed-bearing and mobilebearing L-TDR cohorts, respectively). Submicron particles (\ 1 lm) represented 20% of the particles from fixedbearing devices and 16% from the mobile-bearing device. Large particles ([ 10 lm) were rarely observed and represented less than 2% of the particles in both cohorts.
Comparison of Wear Particle Characteristics to Metalon-polyethylene Historical Lumbar Total Disc Replacements
Compared with five historical L-TDR patients identified in a previous study [28] , UHMWPE particle number and circularity in the seven contemporary L-TDR patient tissues were statistically significantly different, but aspect ratio was not (Table 6 ). Specifically, the number of particles per gram of tissue was 99% less (p = 0.003) and their shape was 50% rounder (p = 0.003) in contemporary L-TDR cohorts, which included both fixed-and mobilebearing designs. Qualitative observations of particle size revealed that tissues from contemporary L-TDR patients contained more submicron and small (\ 10 lm) wear debris and less associated inflammation in comparison to the historical L-TDR cohort (not shown).
Discussion
L-TDR was developed as an alternative to spinal fusion for the treatment of degenerative disc disease in the lumbar spine and a device that would preserve or restore segmental function and motion. However, historical generations of L-TDR devices with c-air-sterilized UHMWPE cores raised concerns regarding wear debris generation and subsequent immunological responses that may adversely affect clinical outcomes. Today, modern L-TDR designs incorporate cinert-sterilized UHMWPE cores to improve wear resistance and minimize wear debris generation in an effort to reduce the risk of revision surgery. The aims of this study were to evaluate wear debris and tissue reactions in tissues from revised contemporary MoP L-TDRs and determine the influence of bearing design on wear particle number, size, and shape. Furthermore, we wanted to know how UHMWPE wear particle densities and characteristics compared with previous historical MoP L-TDRs. After analyzing retrieved tissues around eight fixed-and four mobile-bearing L-TDRs from 11 patients revised primarily for pain, we found measurable UHMWPE wear debris with corresponding macrophage infiltration in five patients who had a fixed-and one patient who had a mobile-bearing L-TDR. The frequency, amount, and shape of wear debris suggested the bearing design of contemporary devices did not influence wear particle characteristics. Furthermore, particle comparisons with a retrieval study of historical devices suggested that c-inert-sterilized UHMWPE has improved wear resistance and reduced wear-induced periprosthetic tissue reactions.
We acknowledge the limitations of our study. First, although the primary revision reason for all patients was pain, implant malpositioning and impingement were reported in three of six fixed-bearing and none of the mobile-bearing L-TDR patients. This complication may serve as a confounding variable when comparing the two designs. However, the issue of impingement is not an uncommon finding for L-TDRs because it was previously reported for mobile-bearing L-TDR retrievals and contributed to wear debris generation and the immune responses [4] . Second, the implantation times varied between the ProDisc-L and CHARITÉ cohorts. The times ranged from 1 to 6 years (mean, 4.1 years) for the ProDisc-L cohort and 2 to 3 years (mean, 2.7 years) for the CHARITÉ cohort, although both cohorts were short-term revisions. Third, the cohort sizes were small and wear particle characteristics of mobile-bearing devices were extrapolated from particles that were observed in only one of four patients who had wear debris. Nevertheless, to our knowledge, there are no published retrieval studies for contemporary MoP L-TDRs. Lastly, comparisons of particle number and characteristics are provided for historical MoP L-TDRs; however, the previous study used ESEM and excluded wear particles larger than 2 lm, whereas in this study, we used polarized light microscopy and were able to detect particles as small as 0.461 lm. Although polarized light microscopy has been used in other related studies to investigate UHWMPE particles of particular sizes [29, 30] , the different approaches make it difficult to make direct comparisons.
Not all periprosthetic tissue from the two contemporary MoP L-TDRs examined in this study contained UHMWPE wear debris; this was true for tissues from all patients and different tissues from the same patient. However, those tissues that contained UHMWPE wear debris generally had an associated macrophage inflammation. This type of colocalization of wear debris and macrophages is an established phenomenon in total joint arthroplasty and more recently noted in historical L-TDRs [30] . One noteworthy difference observed for the contemporary L-TDRs was a decrease in particles [ 10 lm, so unlike historical L-TDRs, giant cells were not observed in these tissues. Periprosthetic UHMWPE particles from both contemporary L-TDR cohorts resulted Table 3 . primarily in a macrophage response, except for three patients with metallic wear debris from fixed-bearing devices and an associated lymphocytic response. These patient tissues also had higher macrophage infiltration scores. The presence of metallic debris may be attributed to the unintended wear mechanism of impingement between the metallic endplates arising from malpositioning and/or subsidence, which was noted in more than 50% of contemporary fixed-bearing device retrievals in a separate retrieval study [20] . Interestingly, considerable amounts of hemosiderin were present in many of these tissues, indicative of phagocytosis of erythrocytes and degradation of hemoglobin by macrophages [13, 32] . The exact contribution of hemosiderin to revision remains unclear; however, a previous study has associated the deposition with the accumulation of activated macrophages that are positive for osteoclastic cell markers [25] . Although the amount of UHMWPE wear debris in the spine may not be severe enough to directly contribute to osteolysis [18] , vertebral osteolysis was noted as a clinical complication in two patients with fixed-bearing L-TDRs, both of whom had tissues containing hemosiderin. The effect of hemosiderin in these tissues on UHMWPE wear-induced inflammation requires further investigation. Other biological tissue responses noted around the fixed-bearing devices included increased vascularization in tissues with wear and necrosis in tissues without wear. In contrast, tissues around mobile-bearing L-TDRs, with and without wear debris, had low to moderate vascularization and necrosis. The presence of these reactions in both cohorts is noteworthy because these reactions have been implicated in the development of pain. Specifically, increased vascularization (angiogenesis) and sensory nerve growth are closely linked processes [5, 24] ; and tissue necrosis or cell death results in the release of proinflammatory cytokines and other factors that initiate persistent pain by directly activating nociceptive sensory neurons [6, 38] . Both reactions can lead to maladaptive plasticity and neural disease states, which raises the question whether these tissue responses contributed to neuropathic pain in both fixed-and mobile-bearing L-TDR patients.
UHMWPE wear debris in tissues around fixed-bearing devices qualitatively appeared smaller, less concentrated, and less round than debris in tissues around the one mobilebearing retrieval; however, no statistical difference was observed. Austen et al. recently reported a case study of two patients revised for a different set of fixed-and mobilebearing contemporary L-TDRs, and observed larger UHMWPE particles in tissues from the patient with the mobile-bearing design [1] . Interestingly, retrieval studies of TKA also found comparable findings in which larger UHMWPE particles were found in tissues surrounding failed mobile-bearing TKRs than in tissues around failed fixedbearing TKRs [9, 26] . Design-dependent differences in loading and wear mechanisms may explain observed qualitative differences of wear particles between designs. All fixed-bearing retrievals in our study showed signs of scratching on dome regions, and the tissues with metal wear corresponded with implant components that had metallic and endplate burnishing as a result of impingement attributable to malposition and/or subsidence. The mobile-bearing patient tissue retrieval with wear corresponded to an implant core that had burnishing, pitting, and multidirectional scratching. The overall density of UHMWPE particles was relatively low in tissues from both cohorts, but the majority was 1 to 10 lm, which falls within a size range that activates macrophages [8] . Further research and larger sample sizes are necessary to determine whether design-dependent differences significantly influence particle size and shape differences. UHMWPE particles from the contemporary L-TDR cohorts were less numerous and rounder in comparison to the historical L-TDR group, suggesting that modern L-TDR designs have improved wear properties. A separate study investigating particles [ 2 lm in historical L-TDR cohorts reported a mean of 231 particles/mm 2 [29] , which was roughly 10-fold higher than the amount of similar-sized particles from contemporary TDRs (mean, 22 particles/ mm 2 ). This comparison paralleled findings from a case report, which noted that the mean number of UHMWPE particles was two orders of magnitude lower in a different set of revised contemporary L-TDRs [1] . Our study also showed that mean particle circularity (roundness) was noticeably higher in the contemporary L-TDR cohort (mean, 0.8 versus mean, 0.4), but aspect ratios were within the same range as those of historical L-TDR particles [28] . Interestingly, UHMWPE particles from conventional THAs fabricated with c-inert-sterilized UHMWPE acetabular liners have been reported to have shapes similar to the contemporary L-TDR group [3, [10] [11] [12] 23] . Multiple studies have reported that particles with more rounded morphologies trigger less robust macrophage activation compared with fibrillar-shaped particles [11, 31, 37] . Thus, with the samples available in this study, both the decreased number and increased roundness of the particles suggest that contemporary L-TDRs will have a reduced inflammatory response.
In summary, the concentration of wear debris and subsequent tissue responses were greatly reduced particle numbers in tissues from contemporary L-TDRs when compared with historical L-TDRs. Although we investigated short-term revisions within 5 years of implantation, we showed that periprosthetic tissues from both fixed-and mobile-bearing L-TDR patients contained UHMWPE particles within size ranges known to elicit a macrophage response. Because artificial discs are intended to last the lifetime of the patient, further retrieval studies are still necessary to elucidate the long-term role of UHMWPE wear and its association, if any, to the clinical performance of lumbar disc arthroplasty. * Percent area of particles is the ratio of the total area of all particles to the total area of tissue; mean ± SD. Aspect ratio (mean ± SD) 1.9 ± 0.8 1.7 ± 0.5 1.8 ± 0.7 2.0 ± 1.0 * Particle measurements were generated using ESEM and a cutoff of 2 lm so size characteristics were not comparable; measurements from contemporary L-TDR cohorts were converted from particles/mm 2 for comparison purposes; à significant differences between combined contemporary L-TDRs and historical L-TDRs (p \ 0.01); L-TDR = lumbar total disc replacement; N/A = not available; ESEM = environmental scanning electron microscope.
